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During early stages of chick limb development, the homeobox-containing gene Msx-2 is expressed in the mesoderm at the
anterior margin of the limb bud and in a discrete group of mesodermal cells at the midproximal posterior margin. These
domains of Msx-2 expression roughly demarcate the anterior and posterior boundaries of the progress zone, the highly
proliferating posterior mesodermal cells underneath the apical ectodermal ridge (AER) that give rise to the skeletal elements
of the limb and associated structures. Later in development as the AER loses its activity, Msx-2 expression expands into the
distal mesoderm and subsequently into the interdigital mesenchyme which demarcates the developing digits. The domains
of Msx-2 expression exhibit considerably less proliferation than the cells of the progress zone and also encompass several
regions of programmed cell death including the anterior and posterior necrotic zones and interdigital mesenchyme. We have
thus suggested that Msx-2 may be in a regulatory network that delimits the progress zone by suppressing the morphogenesis
of the regions of the limb mesoderm in which it is highly expressed. In the present study we show that ectopic expression
of Msx-2 via a retroviral expression vector in the posterior mesoderm of the progress zone from the time of initial formation
of the limb bud severely impairs limb morphogenesis. Msx-2-infected limbs are typically very narrow along the anteroposterior
axis, are occasionally truncated, and exhibit alterations in the pattern of formation of skeletal elements, indicating that as a
consequence of ectopic Msx-2 expression the morphogenesis of large portions of the posterior mesoderm has been suppressed.
We further show that Msx-2 impairs limb morphogenesis by reducing cell proliferation and promoting apoptosis in the regions
of the posterior mesoderm in which it is ectopically expressed. The domains of ectopic Msx-2 expression in the posterior
mesoderm also exhibit ectopic expression of BMP-4, a secreted signaling molecule that is coexpressed with Msx-2 during
normal limb development in the anterior limb mesoderm, the posterior necrotic zone, and interdigital mesenchyme. This
indicates that Msx-2 regulates BMP-4 expression and that the suppressive effects of Msx-2 on limb morphogenesis might be
mediated in part by BMP-4. These studies indicate that during normal limb development Msx-2 is a key component of a
regulatory network that delimits the boundaries of the progress zone by suppressing the morphogenesis of the regions of the
limb mesoderm in which it is highly expressed, thus restricting the outgrowth and formation of skeletal elements and
associated structures to the progress zone. We also report that rather large numbers of apoptotic cells as well as proliferating
cells are present throughout the AER during all stages of normal limb development we have examined, indicating that many
of the cells of the AER are continuously undergoing programmed cell death at the same time that new AER cells are being
generated by cell proliferation. Thus, a balance between cell proliferation and programmed cell death may play a very
important role in maintaining the activity of the AER. q 1998 Academic Press
INTRODUCTION limb bud. Msx-2 is highly expressed in the apical ectodermal
ridge (AER) as the AER is directing the outgrowth and pat-
Msx-2 is a homeobox-containing gene that exhibits sev- terning of the underlying limb mesoderm (Coelho et al.,
eral discrete domains of expression in the developing chick 1991b; Yokouchi et al., 1991; Nohno et al., 1992). Studies on
the altered expression of Msx-2 in amelic and polydactylous
mutant chick limb buds and in response to experimental1 To whom correspondence should be addressed. Fax: (860) 679-
1274. E-mail: kosher@sun.uchc.edu. perturbations have suggested that it may play a role in regu-
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lating some aspect of AER activity (Coelho et al., 1991a, the posterior mesoderm by inhibiting cell proliferation and
promoting apoptosis. Finally, we demonstrate that ectopic1992, 1993; Robert et al., 1991; Dealy and Kosher, 1995).
At early stages of limb development Msx-2 is also highly expression of Msx-2 induces ectopic expression of BMP-4,
a member of the TGF-b family of secreted signaling mole-expressed in the mesoderm at the anterior margin of the
limb bud and in a discrete group of mesodermal cells at the cules that is coexpressed with Msx-2 during normal limb
development in the anterior mesoderm, the PNZ, and inter-midproximal posterior margin of the limb bud that roughly
corresponds to the posterior necrotic zone (PNZ) (Coelho digital mesenchyme. This suggests that the suppressive ef-
fects of Msx-2 on the morphogenesis of the limb mesodermet al., 1991b; Yokouchi et al., 1991; Nohno et al., 1992).
The mesoderm in the anterior portion of the limb bud in are mediated at least in part by BMP-4. Thus, our results
are consistent with the hypothesis that during normal limbwhich Msx-2 is highly expressed corresponds to that region
of the limb mesoderm which based on fate maps (Hinchliffe development Msx-2 is a key component of a regulatory net-
work that speci®es the boundaries of the progress zone byet al., 1981), AER extirpation experiments (Rowe and Fal-
lon, 1981), and organ culture studies (Dealy and Kosher, suppressing the morphogenesis of the regions of the limb
mesoderm in which it is expressed.1995) is not under the in¯uence of the AER, undergoes little
outgrowth, and fails to give rise to skeletal elements of
the limb. Thus, the anterior mesodermal domain of Msx-2
expression demarcates the anterior boundary of the progress MATERIALS AND METHODS
zone, the group of highly proliferating posterior mesodermal
cells underneath the AER which will give rise to the skeletal
Construction of an Msx-2 RCASBP retroviral expression vector.elements of the limb and associated structures. Similarly,
A cDNA containing the full coding sequence of chicken Msx-2the domain of Msx-2 expression at the midproximal poste-
(Coelho et al., 1991b) was cloned into the ClaI site of the avianrior margin of the limb bud corresponding to the PNZ is
replication-competent retrovirus RCASBP(A), a derivative of Rouslocated at the proximal posterior boundary of the progress
sarcoma virus (RSV) (Petropoulos and Hughes, 1991) containing a
zone. Thus, Msx-2 may be part of a regulatory network that portion of the pol gene from the Bryan high-titer strain of RSV
speci®es the boundaries of the progress zone. Consistent obtained from Dr. S. Hughes (National Cancer Institute). Primary
with this, during later stages of limb development as the cultures of chick embryo ®broblasts (CEF) prepared from the torsos
AER ¯attens and loses its activity, Msx-2 expression has of day 12 chick embryos were transfected with the retroviral plas-
mid DNA by calcium phosphate precipitation followed by glycerolexpanded into the distal mesoderm of the limb bud and
shock. The transfected CEFs were cultured for 7±10 days in Dul-shortly thereafter extends into the interdigital mesenchyme
becco's modi®ed Eagle's medium containing 5% fetal bovine serumthat demarcates the developing digits. It is noteworthy that
and 5% calf serum at which times reverse-transcriptase activity inthe domains of Msx-2 expression including the anterior
the media was high. Virus-containing media were centrifuged atmesoderm, the PNZ, and interdigital mesenchyme exhibit
low speed to remove cellular debris, and the virions were pelletedconsiderably less proliferation than the cells of the progress
by ultracentrifugation as described by Fekete and Cepko (1993).
zone (Dealy and Kosher, 1995; Pollack and Fallon, 1976; The virus pellet was resuspended as described by Fekete and Cepko
Cameron and Fallon, 1977) and also encompass several re- (1993) in 1/100 vol of medium, and aliquots were stored at 0707C.
gions of programmed cell death (Saunders et al., 1962). The titer of concentrated retrovirus was determined essentially
These observations have prompted us to consider the pos- as described by Fekete and Cepko (1993). Brie¯y, limiting dilutions
of concentrated retrovirus stock were added to subcon¯uent CEFsibility that Msx-2 may be part of a regulatory network that
cultures. After 48 h, the infected cultures were ®xed in methanolsuppresses the morphogenesis of the mesoderm in regions
and immunostained using a monoclonal antibody against the RSVof the limb bud in which it is expressed, thus restricting
viral gag antigen p19 (obtained from Dr. David Boettinger) and athe outgrowth and formation of skeletal elements and asso-
Vectastain Elite ABC kit (Vector), and positive colonies wereciated structures to the progress zone. To begin to test this
counted to obtain the number of cfu/ml. Retroviral titers were 1±hypothesis, we wished to determine if ectopic expression
3 1 108 cfu/ml.
of Msx-2 in the posterior mesoderm of the progress zone To evaluate further the retrovirus, subcon¯uent CEF cultures in
would suppress limb morphogenesis in ovo. To obtain ec- 10 ml of medium in 100-mm dishes were infected with 20 ml of
topic mesodermal expression of Msx-2 from the time of concentrated retrovirus. After 24 h, the cells were released from
initial formation of the limb bud, the mesoderm of the pro- the dish with trypsin and replated at subcon¯uent densities. After
24 h, cultures were ®xed and immunostained with the p19 gagspective limb-forming regions of the lateral plate of stage
monoclonal antibody as described above. In addition, the expres-9±10 (Hamburger and Hamilton, 1951) chick embryos was
sion of Msx-2 protein by the infected cultures was determined byinfected via microinjection with an avian replication-com-
immunohistochemistry using a rabbit polyclonal antibody againstpetent Msx-2 retroviral expression vector. Our results dem-
a chicken Msx-2 fusion protein prepared as described below. Virtu-onstrate that ectopic expression of Msx-2 in the posterior
ally all of the CEFs stained with the p19 gag monoclonal antibody,mesoderm does indeed severely impair limb morphogene-
and, in addition, the nuclei of virtually all of the cells stained with
sis, resulting in the formation of limbs that are extremely the Msx-2 polyclonal antibody, indicating that virtually all of the
narrow along the anteroposterior axis, are occasionally trun- cells expressed Msx-2 protein.
cated, and exhibit alterations in the pattern of formation of Microinjection of the Msx-2 retroviral expression vector into the
skeletal elements. Furthermore, our results indicate that prospective limb-forming regions of chick embryos in ovo. Mi-
croinjections were performed essentially as described by Fekete andectopic Msx-2 expression suppresses the morphogenesis of
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Cepko (1993). Brie¯y, windows were cut into the shells of stage 9± of the same limb buds were analyzed by in situ hybridization for
either Msx-2 or BMP-4 expression in order to accurately correlate10 (Hamburger and Hamilton, 1951) White Leghorn chick embryos,
the domains of ectopic Msx-2 expression with those of BMP-4.and a 1:10 dilution of sterile India ink in PBS was injected under
Analysis of cell proliferation. Msx-2-infected and contralateralthe embryos to aid in visualization. The vitelline membrane over
uninfected control limb buds harvested at various times after mi-the injection sites was torn away with a ®ne tungsten needle. Ap-
croinjection of the Msx-2 retrovirus into the right prospective limbproximately 0.01 ml of concentrated retrovirus to which a 1/10
regions were incubated for 1 h in the presence of 10 mM 5-bromo-vol of sterile 0.25% Fast Green was added as a tracer dye was
deoxyuridine (BrdU) as described by Dealy and Kosher (1995). Im-microinjected into the mesoderm of the right prospective wing-
munohistochemical analysis of the incorporation of BrdU into nu-and/or leg-forming regions of the embryos by reference to the fate
clei engaged in DNA synthesis was performed on serially sectionedmaps of Chaube (1959). Injections were performed using pulled
limb buds as described by Dealy and Kosher (1995). In some cases,glass capillary pipets attached to a positive-displacement Narishige
alternate sections of the same limb buds were subjected to eithermicroinjector, and the regions microinjected could be readily visu-
BrdU immunohistochemistry or in situ hybridization analysis ofalized by the location of the tracer dye. After microinjection, the
Msx-2 expression.windows in the shells were sealed with tape and the eggs reincu-
Analysis of apoptosis. Immunohistochemical detection of thebated for various periods of time.
distribution of cells undergoing apoptosis in serially sectioned Msx-Preparation of Msx-2 antibodies. A cDNA containing the full
2-infected and contralateral uninfected control limb buds was ana-coding sequence of chicken Msx-2 (Coelho et al., 1991b) was cloned
lyzed by the TUNEL method, which detects fragmented pieces ofinto the pGEX-3T expression vector (Pharmacia) downstream of a
DNA that characteristically appear during apoptosis (Gavrieli etglutathione S-transferase (GST) gene and a site-speci®c protease
al., 1992; Ben-Sasson et al., 1995), using a kit and materials ob-sequence. The fusion protein was expressed in Escherichia coli and
tained from Boehringer-Mannheim. Brie¯y, limb buds were ®xedpuri®ed by GST af®nity chromatography using procedures de-
in 4% paraformaldehyde in PBS, dehydrated, embedded in paraf®n,scribed in detail in Gould et al. (1995). Msx-2 protein was separated
and sectioned. After removal of the paraf®n with xylene and rehy-from the GST domain of the fusion protein by proteolytic cleavage.
dration, the sections were re®xed in 4% paraformaldehyde in PBS,Msx-2 polyclonal antibodies were prepared commercially by Re-
washed, and incubated in distilled water at 607C for 1 h (Nonclercqsearch Genetics. White New Zealand rabbits were initially immu-
et al., 1997). Sections were then incubated for 1 hr at 377C in thenized with the GST±Msx-2 fusion protein followed by booster injec-
presence of terminal deoxynucleotide transferase in buffer con-tions at weeks 2 and 4 with puri®ed Msx-2 protein. The reactivity
taining ¯uorescein-conjugated dUTP, after which the slides wereof the antibodies against puri®ed Msx-2 protein was determined by
washed with PBS, blocked with 3% bovine serum albumin, 10%ELISA. To examine the speci®city of the Msx-2 antibodies, immuno-
sheep serum in PBS, and incubated for 30 min at 377C with an anti-histochemical analysis of Msx-2 distribution in serially sectioned
¯uorescein antibody conjugated with alkaline phosphatase (Boeh-stage 25 chick limb buds was determined essentially as described by
ringer-Mannheim). TUNEL-positive cells were detected using aGould et al. (1995) using the Msx-2 polyclonal antisera and a Vecta-
Fast Red alkaline phosphate substrate (Boehringer-Mannheim). Instain Elite ABC kit. The distribution of immunohistochemically de-
some cases, alternate sections of the same limb buds were subjectedtectable Msx-2 protein precisely correlated with the domains of Msx-
to either TUNEL staining or in situ hybridization analysis of Msx-2 transcript expression detectable by in situ hybridization, i.e., the
2 expression.AER, the mesoderm at anterior margin of the limb bud, and the
Skeletal staining. To examine the formation of cartilaginousmesoderm at the midproximal posterior margin of the limb bud corre-
skeletal elements, limbs were ®xed in 5% formalin, 10% aceticsponding to the posterior necrotic zone (Coelho et al., 1991b).
acid in 95% ethanol, stained with Alcian blue, pH 1.0, and clearedIn situ hybridization analysis of Msx-2 and BMP-4 expression.
in methyl salicylate as described by Dealy and Kosher (1995). Stain-
In situ hybridization analysis of Msx-2 transcript expression was
ing with Alcian blue, pH 1.0, was also done on serially sectioned
performed on serially sectioned limb buds using either a 32P-labeled
limb buds that had been previously subjected to immunohisto-
Msx-2-speci®c cDNA probe (Coelho et al., 1991b) or a digoxigenin
chemical analysis of Msx-2 protein expression as described above.
(dig)-labeled Msx-2 RNA probe. In situ hybridization using the 32P-
labeled Msx-2-speci®c cDNA probe was performed as previously
described (Coelho et al., 1991b). A 477-bp RNA probe correspond-
ing to the 3* end of chicken Msx-2 cDNA was prepared by digesting RESULTS
full-length Msx-2 cDNA (Coelho et al., 1991b) in pGEM-1 with
Sau961 and transcribing with SP6 in the presence of dig-labeled Ectopic Expression of Msx-2 in Limb Bud
dUTP using a kit obtained from Boehringer-Mannheim. In situ Mesoderm Impairs Limb Morphogenesis
hybridization with the dig-labeled Msx-2 RNA probe was per-
formed using a kit obtained from Boehringer-Mannheim on serially During normal limb development, Msx-2 expression in
sectioned limb buds that had been ®xed in cold 95% ethanol or the mesoderm is limited initially to the anterior and poste-
4% paraformaldehyde. Hybridization with this RNA probe was per- rior margins of the limb bud and subsequently expands into
formed in 50% formamide, 11 SSC at 657C and posthybridization the mesoderm along the distal periphery of the limb bud.
washes were done with 0.11 SSC at 707C. The BMP-4 cDNA probe Microinjection of an Msx-2 RCASBP retroviral expression
used for in situ hybridization was prepared by digesting chicken
vector into the mesoderm of the prospective limb-forming
BMP-4 cDNA in Bluescript SK/ obtained from Dr. Philippa Fran-
regions of the chick embryo results in ectopic expressioncis-West (Francis et al., 1994) with SpeI and ClaI and isolating
of Msx-2 in the normally nonexpressing posterior meso-the 950-bp fragment by electrophoresis in low-melting temperature
derm of the developing limb bud (Fig. 1). Infected limbsNu-Sieve GTG agarose. The BMP-4 probe was labeled with [32P]-
exhibit not only ectopic expression of Msx-2 transcripts de-dCTP by the random-primer oligonucleotide procedure, and in situ
tectable by in situ hybridization (Fig. 1), but also ectopichybridization was performed on serially sectioned limb buds as
described (Coelho et al., 1991b). In several cases, alternate sections expression of Msx-2 protein detectable by immunohisto-
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morphogenesis of the posterior mesoderm has occurred. Al-
though the proximodistal length of the Msx-2-infected
limbs is most often comparable to that of the contralateral
controls (Figs. 2G and 2K±2M), in some cases (about 20%)
the Msx-2-infected limbs are shorter as well as narrower
than controls (Figs. 2A, 2C, and 2D).
Figure 3 shows Msx-2-infected limbs stained with Alcian
blue at stages 28±30 to reveal the cartilaginous skeletal
elements of the limb. At these stages, control limbs contain
well-differentiated cartilaginous humerus and radius and
ulna skeletal elements, and distally the digits are initiating
chondrogenic differentiation (Figs. 3A and 3B). In contrast,
the Msx-2-infected limbs contain a single elongated carti-
laginous skeletal element (Figs. 3A, 3C, and 3D). The single
cartilaginous skeletal element present in the Msx-2-infectedFIG. 1. Microinjection of an Msx-2 RCASBP retroviral expression
limb shown in Fig. 3A is quite broad and does not resemblevector into the mesoderm of the right prospective limb-forming
any of the normal skeletal elements present in the controlregion of the lateral plate results in ectopic expression of Msx-2 in
limb. Thus, ectopic expression of Msx-2 at early stages ofthe normally nonexpressing posterior mesoderm of the developing
development ultimately not only results in the formationlimb bud. (A) An uninfected contralateral left limb bud (control)
and the corresponding Msx-2-infected right limb bud (Msx2- RV). of limbs lacking many skeletal elements, but also can result
In the control left limb bud the anterior border is on the right, in an alteration in the morphology or patterning of the skel-
whereas in the corresponding Msx-2-infected right limb bud the etal elements that do develop. It is noteworthy that the
anterior border is on the left. Ectopic Msx-2 expression detectable elongated cartilaginous skeletal elements that are present
by in situ hybridization is present throughout the entire mesoderm in the Msx-2-infected limbs shown in Figs. 3C and 3D do
of the infected limb bud.
not exhibit ectopic Msx-2 expression. This suggests that the
regions of the limb mesoderm in which Msx-2 was being
ectopically expressed at earlier stages of development have
degenerated and disappeared by stage 30 (see below).chemistry using an Msx-2 antibody (data not shown). Wide-
spread ectopic expression of Msx-2 was detectable through-
out virtually the entire mesoderm or throughout most of
Ectopic Msx-2 Expression in Posterior Mesodermthe posterior mesoderm in 50% of the infected limbs exam-
Inhibits Cell Proliferationined (n  32) (Figs. 1B, 4H, 5J, and 6E). In other limbs,
smaller localized domains of ectopic Msx-2 expression were One mechanism by which Msx-2 might inhibit the mor-
phogenesis of the regions of the posterior mesoderm indetectable in various discrete regions of the posterior meso-
derm (22%) (Figs. 4D and 5G) or ectopic expression was which it is ectopically expressed is by reducing cell prolifer-
ation. Indeed, the domains of Msx-2 expression during nor-limited to the anterior half of the limb bud (13%) (not
shown). About 15% of the limb buds examined exhibited mal development including the anterior mesoderm, PNZ,
and interdigital mesenchyme exhibit considerably less pro-no detectable ectopic Msx-2 expression, indicating that in
some cases inef®cient infection or propagation of the retro- liferation than the posterior mesoderm of the progress zone
(Dealy and Kosher, 1995; Pollack and Fallon, 1976; Cameronvirus occurs.
As shown in Fig. 2, the morphogenesis of Msx-2-infected and Fallon, 1977). To determine if ectopic Msx-2 expression
affects cell proliferation, Msx-2-infected and contralaterallimb buds is severely impaired. In contrast, no abnormal
morphogenesis is detectable following injection of control uninfected control limbs harvested at various times after
microinjection of Msx-2 retrovirus into the prospectiveRCASBP retrovirus into the prospective limb-forming re-
gions. Msx-2-infected limbs are typically very narrow along limb regions were incubated for 1 h in the presence of BrdU,
and the incorporation of BrdU into nuclei engaged in DNAthe anteroposterior axis (AP) (Fig. 2). Greater than 90% of
Msx-2-infected limbs exhibiting an obvious morphological synthesis was examined by immunohistochemistry.
Figures 4A and 4B show the distribution of BrdU-labeleddefect are narrower along the AP axis than their contralat-
eral uninfected control limbs (Fig. 2). In some cases the Msx- cells in a stage 22 Msx-2-infected limb bud (Fig. 4B) and
its contralateral control (Fig. 4A). Cell proliferation occurs2-infected limbs are extremely narrow, being about one-
quarter the width of the contralateral controls (Figs. 2B and throughout most of the mesoderm of the control limb bud
(Fig. 4A) at this stage, and there is an obvious striking reduc-2H), indicating that a large portion of the limb mesoderm
failed to undergo normal morphogenesis. In other cases, the tion in the number of proliferating (BrdU-labeled) cells in
the Msx-2-infected limb (Fig. 4B) compared to the control.Msx-2-infected limbs are about one-half to two-thirds the
width of controls (Figs. 2C±2G). In these latter cases, the To more precisely correlate cell proliferation in the poste-
rior mesoderm with the domains in which ectopic Msx-2contour and shape of the anterior portions of the infected
limbs are often comparable to contralateral controls (Figs. is expressed, alternate sections of limb buds that had been
labeled with BrdU were subjected either to BrdU immuno-2C±2G), suggesting that preferential suppression of the
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FIG. 2. The morphology of Msx-2-infected and contralateral control limbs harvested at various times after microinjection of Msx-2
retrovirus into the right prospective limb-forming regions of the lateral plate. In each panel (A±H) the contralateral control left limb
(control) is on the left and the Msx-2-infected right limb (Msx-2-RV) is on the right. In the control left limbs the anterior border is on the
right, whereas in the Msx-2-infected right limbs the anterior border is on the left. The limbs were harvested at the following stages: (A)
stage 24, (B) stage 26, (C) stage 27, (D) stage 27, (E) stage 28, (F) stage 28, (G) stage 28, and (H) stage 30. The Msx-2-infected limbs are
typically narrow and occasionally truncated. Overall, 41% (n  64) of the limbs that developed after microinjection of Msx-2 retrovirus
into the limb ®elds of stage 9±10 embryos exhibited obvious morphological defects. Of these greater than 90% were narrower along the
AP axis than their contralateral uninfected control limbs. No abnormal morphogenesis was detectable following injection of control
RCASBP retrovirus into prospective limb-forming regions (n  25).
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FIG. 3. Control (A, B) and Msx-2-infected (A, C, T) stage 28±30 limbs stained with Alcian blue to reveal the cartilaginous skeletal
elements. (A) The Msx-2-infected (Msx2-RV) and contralateral control limb were whole-mount stained. (B±D) Alcian blue staining was
done on sectioned limbs that had been previously subjected to immunostaining with an Msx-2 polyclonal antibody to reveal the distribution
of Msx-2 protein (brown). Note that the Msx-2-infected limbs (Msx2-RV) contain single elongated cartilaginous skeletal elements.
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FIG. 4. Effect of ectopic Msx-2 expression on cell proliferation as assayed by immunoperoxidase detection of BrdU incorporation into nuclei
engaged in DNA synthesis. (A, B) Distribution of proliferating cells (brown nuclei) in a stage 22 Msx-2-infected limb (B) and its contralateral
control (A). (C±F) Msx-2 expression detectable by in situ hybridization (C, D) and cell proliferation (E, F) in adjacent sections of a stage 21
Msx-2-infected right limb (D, F) and its left contralateral control (C, E). Note that a discrete domain of Msx-2 expression is present in the
posterior mesoderm of the infected limb (D). This region (trapezoided area in F) exhibits reduced proliferation compared to an equivalent
region of the contralateral control limb bud (trapezoided area in E). The percentages of BrdU-labeled nuclei in the trapezoided areas of the
control (E) and Msx-2-infected (F) limbs are 51.9 and 20.5%, respectively. (G, H) Msx-2 expression (G, H) and cell proliferation (I, J) in adjacent
sections through the distal portion of a stage 25/26 Msx-2-infected right limb (H, J) and its left contralateral control (G, I).
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histochemistry or in situ hybridization analysis of Msx-2 throughout the posterior mesoderm (Fig. 5B). The Msx-2-in-
fected limb bud shown in Fig. 5F exhibits extensive ectopicexpression. Figure 4D shows a stage 21 Msx-2-infected limb
bud which exhibits a discrete localized domain of ectopic apoptosis in a discrete region of the posterior mesoderm. This
discrete region of ectopic apoptosis corresponds extremelyMsx-2 expression in the distal posterior mesoderm. An adja-
cent section through the same limb bud (Fig. 4F) shows that well to a discrete region of ectopic Msx-2 expression as re-
vealed by in situ hybridization analysis of Msx-2 expressionthe region in which Msx-2 is being ectopically expressed
exhibits clearly reduced proliferation compared to an equiv- in an adjacent section (Fig. 5G). Figures 5I and 5J show an
Msx-2-infected limb bud that exhibits corresponding domainsalent region of the contralateral control limb in which ec-
topic Msx-2 is not expressed (Figs. 4C, and 4E). Figure 4I of widespread ectopic apoptosis (Fig. 5I) and ectopic Msx-2
expression (Fig. 5J). Overall, 8/8 Msx-2-infected limb budsshows the distal portion of a stage 25/26 contralateral con-
trol limb bud. Although at this stage little proliferation oc- examined exhibited ectopic apoptosis, and 4/4 limb buds in
which apoptosis and Msx-2 expression were examined in al-curs in the proximal central core where chondrogenesis is
initiated, the distal mesoderm subjacent to the AER of the ternate sections exhibited corresponding domains of ectopic
apoptosis and Msx-2 expression. These results indicate thatcontrol limb continues to exhibit a high rate of cell prolifer-
ation (Fig. 4I). In contrast, in the Msx-2-infected limb, little Msx-2 impairs limb morphogenesis at least in part by promot-
ing programmed cell death in regions of the posterior meso-proliferation is detectable in the distal subridge mesoderm
(Fig. 4J) which exhibits ectopic Msx-2 expression (Fig. 4H). derm in which it is ectopically expressed.
While analyzing apoptosis, we noted that rather largeOverall, 9/11 limb buds in which BrdU labeling was exam-
ined after microinjection of Msx-2 RCASBP into prospective numbers of apoptotic cells are present throughout the AER
of normal limb buds, as well as the AER of the Msx-2-limb regions exhibited an obvious reduction in cell prolifer-
ation compared to their contralateral uninfected controls, infected limb buds, at all stages of development we exam-
ined (Figs. 5C and 5D). Thus, it appears that during normaland samples in which BrdU labeling and Msx-2 expression
were examined in alternate sections exhibited correspond- limb development, many of the cells of the AER continu-
ously undergo programmed cells death.ing domains of reduced proliferation and ectopic Msx-2 ex-
pression. These results indicate that Msx-2 impairs limb
morphogenesis at least in part by reducing cell proliferation
Ectopic Msx-2 Expression in Posterior Mesodermin the regions of the posterior mesoderm in which it is
Induces Ectopic BMP-4 Expressionectopically expressed.
Since Msx-2 is a homeobox-containing gene which likely
functions as a transcription factor, it is possible that Msx-
Ectopic Expression of Msx-2 in the Posterior 2 might regulate the expression of a secreted signaling mole-
Mesoderm Promotes Apoptosis cule that directly mediates its suppressive effects on limb
morphogenesis. During normal limb development, BMP-4,The regions of the developing limb in which Msx-2 is
highly expressed during normal limb development encom- which is a member of the TGF-b superfamily of secreted
signaling molecules, is coexpressed with Msx-2 in the ante-pass several regions in which programmed cell death occurs
including the anterior and posterior necrotic zones and sub- rior limb mesoderm, the posterior necrotic zone, and subse-
quently the interdigital mesenchyme (Francis et al., 1994;sequently the interdigital mesenchyme. Thus, another
mechanism by which ectopic Msx-2 expression might im- Yokouchi et al., 1996), suggesting the possibility that BMP-
4 expression might be regulated by Msx-2. Therefore, wepair morphogenesis of posterior mesoderm is by promoting
apoptosis. Such a mechanism would be consistent with our determined if ectopic Msx-2 expression in the posterior limb
mesoderm induced ectopic BMP-4 expression.analysis of the abnormal phenotypes of the Msx-2-infected
limbs which indicates that the morphogenesis of large por- Examples of Msx-2-infected limbs in which alternate sec-
tions were analyzed by in situ hybridization for either Msx-tions of the infected limbs is suppressed. To determine if
ectopic Msx-2 expression promotes apoptosis, the distribu- 2 or BMP-4 expression are shown in Fig. 6. Figures 6A and
6B show an Msx-2-infected stage 21 limb bud which, intion of apoptotic cells in Msx-2-infected and contralateral
uninfected control limbs was analyzed by immunohisto- addition to exhibiting the normal domain of Msx-2 and
BMP-4 coexpression along the anterior margin of the limbchemistry using the TUNEL method.
Figure 5 shows the distribution of apoptotic cells in Msx- bud, also exhibits corresponding ectopic domains of Msx-2
(Fig. 6A) and BMP-4 (Fig. 6B) expression throughout the2-infected and contralateral control limbs. In the control stage
25 limb bud shown in Fig. 5A cells undergoing apoptosis are mesoderm in the posterior one-third of the limb bud. Fig-
ures 6C and 6D show adjacent sections of a stage 21 Msx-present in the mesoderm of the posterior necrotic zone at the
midproximal posterior margin of the limb bud; the anterior 2-infected limb bud in which corresponding domains of
widespread ectopic Msx-2 (Fig. 6C) and BMP-4 (Fig. 6D) ex-necrotic zone at the anterior margin of the limb bud; the
opaque patch, which is a region of cell death located between pression are present throughout most of the mesoderm of
the limb bud. Similarly, Figs. 6E and 6F show another Msx-the developing radius and ulna of the limb bud (Dawd and
Hinchliffe, 1971); and in scattered groups of cells located at 2-infected stage 21 limb bud in which corresponding ectopic
expression of Msx-2 (Fig. 6E) and BMP-4 (Fig. 6F) is presentthe base of the limb bud. In contrast, in the corresponding
Msx-2-infected limb ectopic apoptotic cells are scattered throughout most of the mesoderm. Overall, 11/14 limb buds
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FIG. 5. Effect of ectopic Msx-2 expression on apoptosis as assayed by immunohistochemistry using the TUNEL method. (A, B) Distribution
of cells undergoing apoptosis (red nuclei) in stage 25 control (A) and Msx-2-infected (B) (Msx2-RV) limb buds. In the control limb (A),
apoptotic cells are present in the anterior necrotic zone at the anterior margin of the limb bud (to the left), the posterior necrotic zone at
the posterior margin, the opaque patch in the central core, and in scattered cells at the base of the limb. In the Msx-2-infected limb (B),
ectopic apoptotic cells are scattered throughout the posterior mesoderm. (C, D) Distribution of cells undergoing apoptosis in the AER of
stage 23 (C) and stage 25 (D) limb buds. (E±G) Distribution of apoptotic cells in a stage 20 Msx-2-infected limb bud (F) (Msx2-RV) and its
contralateral control (E). (G) Msx-2 expression detectable by in situ hybridization in a section adjacent to F. Note that the Msx-2-infected
limb exhibits a discrete domain of ectopic Msx-2 expression (G) in the posterior mesoderm which correlates extremely well with a region
of extensive ectopic apoptosis (F). (H, I) Apoptosis in an Msx-2-infected limb bud (I) (Msx2-RV) and its contralateral control (H). (J) Msx-
2 expression detectable by in situ hybridization in a section adjacent to I. The Msx-2-infected limb bud exhibits corresponding domains
of widespread ectopic apoptosis (I) and ectopic Msx-2 expression (J).
20
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DISCUSSION
Msx-2 as a Key Component of a Regulatory
Network That Delimits the Progress Zone by
Suppressing the Morphogenesis of the Regions of
Limb Mesoderm in Which It Is Highly Expressed
The mesoderm at the anterior and proximal posterior
margins of the limb bud in which Msx-2 is highly expressed
during early stages of normal limb development roughly
correspond to the anterior and posterior boundaries of the
progress zone, the highly proliferating posterior mesoder-
mal cells subjacent to the AER that give rise to the skeletal
elements of the limb and associated structures. Later in
development as the AER ¯attens and ceases to function,
Msx-2 expression has expanded into the mesoderm along
the distal periphery of the limb bud and shortly thereafter
extends into the interdigital mesenchyme that demarcates
the developing digits. The domains of Msx-2 expression ex-
hibit considerably less proliferation than the cells of the
progress zone and also encompass several regions of pro-
grammed cell death including the anterior and posterior
necrotic zones and the interdigital mesenchyme. Thus, we
have previously suggested that Msx-2 may be part of a regu-
latory network that delimits the progress zone by sup-
pressing the morphogenesis of the regions of the limb meso-
derm in which it is highly expressed (Coelho et al., 1992).
The results of the present study provide strong support for
this hypothesis by demonstrating that ectopic expression of
Msx-2 via a retroviral expression vector in the posterior
mesoderm of the progress zone from the time of initial for-
mation of the limb bud severely impairs limb morphogene-
sis. The morphology of the Msx-2-infected limbs which are
FIG. 6. Effect of ectopic Msx-2 expression on BMP-4 expression. typically very narrow along the AP axis and occasionally
(A, B) In situ hybridization analysis of Msx-2 (A) and BMP-4 (B) truncated indicates that as a consequence of ectopic Msx-2
expression in stage 21 Msx-2-infected limbs. In addition to the expression the morphogenesis of large portions of the poste-
normal domain of Msx-2 and BMP-4 coexpression that is present
rior mesoderm has been suppressed. It is noteworthy thatalong the anterior margin (on the right), domains of ectopic Msx-
ectopic Msx-2 expression also alters the pattern of forma-2 expression (A) and BMP-4 expression (B) are present throughout
tion of skeletal elements. Not only do Msx-2-infected limbsthe mesoderm in the posterior one-third of the limb bud. (C, D)
lack many skeletal elements, but also the skeletal elementsMsx-2 (C) and BMP-4 (D) expression in adjacent sections of a Msx-
that do form often exhibit an abnormal morphology and do2-infected stage 21 limb bud. The limb exhibits corresponding do-
mains of widespread ectopic expression of Msx-2 (C) and BMP-4 not resemble any of the normal skeletal elements present
(D) throughout most of the mesoderm. (E, F) Msx-2 (E) and BMP-4 in control limbs. This suggests that the activity of genes
(F) expression in adjacent sections of an Msx-2-infected stage 21 and/or signaling molecules involved in the patterning of
limb bud. The limb exhibits corresponding domains of widespread limb skeletal elements arising from the progress zone is
ectopic expression of Msx-2 (E) and BMP-4 (F) throughout most of perturbed as a consequence of ectopic Msx-2 expression.
the mesoderm.
Previous studies are also consistent with a role for Msx-
2 in delimiting the progress zone. We have found that Msx-
2 is not expressed in the anterior mesoderm of the limb
buds of the polydactylous mutant embryos diplopodia-5examined following microinjection of Msx-2 retrovirus into
prospective limb regions exhibited ectopic BMP-4 expres- and talpid2 in which the progress zone has expanded into
the anterior mesoderm which gives rise to supernumerarysion, and 6/7 limb buds in which BMP-4 and Msx-2 expres-
sion were examined in alternate sections exhibited corre- skeletal elements (Coelho et al., 1992). Similarly, grafts of
the zone of polarizing activity or retinoic acid-coated beadssponding domains of ectopic BMP-4 and Msx-2 expression.
These results indicate that Msx-2 regulates BMP-4 expres- which convert the anterior mesoderm into an ectopic prog-
ress zone that gives rise to supernumerary skeletal elementssion and suggest that the suppressive effects of Msx-2 on
limb morphogenesis might be mediated at least it part by inhibit Msx-2 expression in the anterior mesoderm (Coelho
et al., 1992). Taken together, the results of the present andthis secreted signaling molecule.
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previous studies indicate that Msx-2 is a key component of cell death may be a general function of this gene during
embryogenesis.a regulatory network that suppresses the morphogenesis of
the regions of the limb mesoderm in which it is highly
expressed, thus restricting the outgrowth and formation of
The Suppressive Effects of Msx-2 on theskeletal elements and associated structures to the progress
Morphogenesis of Limb Mesodermzone where Msx-2 is not normally expressed. Thus, Msx-2
May Be Mediated by BMP-4plays an important role in controlling the pattern of skeletal
development by limiting the amount of mesoderm available Msx-2 is a transcription factor and thus its suppressive
effects on limb morphogenesis may be directly mediated byfor skeletal formation.
a secreted signaling molecule whose expression is regulated
by it. BMP-4 is a strong candidate for such a secreted signal-
ing molecule, since it is coexpressed with Msx-2 in theMsx-2 Suppresses Morphogenesis by Reducing Cell
anterior limb mesoderm, the posterior necrotic zone, andProliferation and Promoting Apoptosis
subsequently the interdigital mesenchyme (Francis et al.,
1994; Yokouchi et al., 1996). In the present study, we haveThe domains of Msx-2 expression including the anterior
mesoderm, the PNZ, and the interdigital mesenchyme ex- found that ectopic expression of Msx-2 in the posterior limb
bud mesoderm is accompanied by ectopic expression ofhibit considerably less proliferation than the cells of the
progress zone (Dealy and Kosher, 1995; Pollack and Fallon, BMP-4. This indicates that Msx-2 indeed regulates BMP-4
expression and suggests that its suppressive effects on limb1976; Cameron and Fallon, 1977) and also encompass sev-
eral regions of programmed cell death (Saunders et al., morphogenesis which are characterized by inhibition of cell
proliferation and promotion of apoptosis may be mediated1962). Thus, two perhaps interrelated ways in which Msx-
2 expression might suppress the morphogenesis of the re- at least in part by BMP-4.
Recent studies which have implicated members of thegions of the limb mesoderm in which it is highly expressed
include reducing cell proliferation and promoting apoptosis. BMP family in the regulation of apoptosis during limb de-
velopment are consistent with this possibility (Yokouchi etThe results of the present study provide strong support for
this notion by demonstrating ®rst that the domains in al., 1996; Zou and Niswander, 1996). It has been demon-
strated that expression of dominant negative forms of typewhich Msx-2 is ectopically expressed in the posterior meso-
derm via a retroviral expression vector exhibit considerably I BMP receptors which block BMP signaling reduces
apoptosis in the interdigital mesenchyme of chick limbless proliferation than corresponding regions of contralat-
eral control limbs and second that ectopic apoptosis is in- buds resulting in repression of the regression of the webbing
in the interdigital regions (Yokouchi et al., 1996; Zou andduced in the regions of the posterior mesoderm in which
Msx-2 is ectopically expressed. The inhibition of cell prolif- Niswander, 1996). Expression of the dominant negative
form of BMP receptor type Ia also appears to inhibit pro-eration and induction of apoptosis elicited by ectopic ex-
pression of Msx-2 very likely accounts for the abnormal grammed cell death in the anterior and posterior necrotic
zones resulting in excess mesodermal tissue at the anteriorphenotypes of the Msx-2-infected limbs which indicate that
the morphogenesis of large portions of the infected limbs and posterior margins of limb buds (Yokouchi et al., 1996).
These results combined with those of the present studyis suppressed. Other studies have suggested that the coordi-
nate regulation of apoptosis and cell proliferation plays a indicate that Msx-2 regulates apoptosis in discrete regions
of the limb mesoderm by regulating the expression of BMP-very important role in growth control. Rotello et al. (1991),
for example, have shown that TGF-b concomitantly inhib- 4. It is noteworthy that BMP-4 and Msx-2 have also been
implicated in regulating the apoptosis of the rhombence-its cell proliferation and increases apoptosis in primary cul-
tures of uterine epithelial cells. phalic neural crest (Graham et al., 1993, 1994).
The results of the present study indicating that Msx-2
may regulate apoptosis in discrete regions of limb meso-
A Balance between Apoptosis and Cell Proliferationderm are consistent with previous investigations suggesting
May Be Necessary for Maintenance of AER Activityan association between Msx-2 expression and programmed
during Normal Limb Developmentcell death. Whereas Msx-2 is normally expressed in the ne-
crotic zones at the anterior and proximal posterior margins In the present study, we noted that rather large numbers
of apoptotic cells are present throughout the AER of normalof the developing limbs, it is not expressed in the mesoderm
at either the anterior or proximal posterior margins of the limb buds at all stages of development we examined. Al-
though necrotic cells have previously been detected in thelimb buds of the polydactylous mutant chick embryos tal-
pid2 and diplopodia-5 which lack anterior and posterior ne- AER (Todt and Fallon, 1986; Milaire, 1989, 1992; Milaire
and Rooze, 1983), we were struck by the large number ofcrotic zones (Coelho et al., 1992). Thus, these results along
with those of the present study indicate that Msx-2 is an cells in the AER that undergo apoptosis as assayed by the
TUNEL method which speci®cally detects cells undergoingimportant regulator of apoptosis during limb development.
It is noteworthy that Msx-2 has also been implicated in programmed cell death. We also noted in our analysis of
cell proliferation by BrdU labeling that at all stages of devel-regulating apoptosis in the rhombencephalic neural crest
(Graham et al., 1993), and, thus, regulation of programmed opment examined proliferating cells are present in the AER.
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Chaube, S. (1959). On axiation and symmetry in transplanted wingThus, it appears that during normal limb development,
of the chick. J. Exp. Zool. 140, 29±78.many of the cells of the AER continuously undergo pro-
Coelho, C. N. D., Krabbenhoft, K., Upholt, W. B., Fallon, J. F., andgrammed cell death at the same time that new AER cells are
Kosher, R. A. (1991a). Altered expression of the chicken homeo-generated by cell proliferation. This suggests that a balance
box-containing genes GHox-7 and GHox-8 in the limb budsbetween cell proliferation and programmed cell death may
of limbless mutant chick embryos. Development 113, 1487±
play a very important role in maintaining the activity of 1493.
the AER, perhaps by ensuring the maintenance of a proper Coelho, C. N. D., Sumoy, L., Rodgers, B. J., Davidson, D. R., Hill,
number of signaling cells in AER during various stages of R. E., Upholt, W. B., and Kosher, R. A. (1991b). Expression of the
limb development and/or by maintaining a proper balance chicken homeobox-containing gene GHox-8 during embryonic
of growth between the AER and underlying limb mesoderm. chick limb development. Mech. Dev. 34, 143±154.
Coelho, C. N. D., Upholt, W. B., and Kosher, R. A. (1992). Role ofInterestingly, studies by Milaire (1989, 1992) have suggested
the chicken homeobox-containing genes GHox-4.6 and GHox-8that preaxial polydactyly characteristics of the limbs of sev-
in the speci®cation of positional identities during the develop-eral mouse mutants may result from the presence of excess
ment of normal and polydactylous chick limb buds. Develop-AER cells due to a reduction of cell death in the AER re-
ment 115, 629±637.sulting in an elongated hyperplastic preaxial AER. Simi-
Coelho, C. N. D., Upholt, W. B., and Kosher, R. A. (1993). Ectodermlarly, polydactylous limbs induced by several teratogenic
from various regions of the developing chick limb bud differen-
agents exhibit a delay in AER cell death (Scott et al., 1977; tially regulates the expression of the chicken homeobox-con-
Klein et al., 1981), and, conversely, the de®ciencies in skele- taining genes GHox-7 and GHox-8 by limb mesenchymal cells.
tal element formation elicited by teratogenic doses of reti- Dev. Biol. 156, 303±306.
noic acid have been attributed to excessive cell death in the Dawd, D. S., and Hinchliffe, J. R. (1971). Cell death in the `opaque
AER (Sulik and Dehart, 1988). The role of apoptosis and patch' in the central mesenchyme of the developing chick limb:
A cytological, cytochemical and electron microscopic analysis.cell proliferation in the maintenance of AER activity and
J. Embryol. Exp. Morphol. 26, 401±424.signaling clearly merits further investigation.
Dealy, C. N., and Kosher, R. A. (1995). Studies on insulin-likeInterestingly, Msx-2 which in the present study has been
growth factor-I and insulin in chick limb morphogenesis. Dev.shown to regulate apoptosis in limb mesoderm is also
Dynam. 202, 67±79.highly expressed in the AER (Coelho et al., 1991b; Yokouchi
Fekete, D. M., and Cepko, C. L. (1993). Replication-competent ret-et al., 1991; Nohno et al., 1992). Although we have pre-
roviral vectors encoding alkaline phosphatase reveal spatial re-viously suggested that Msx-2 expressed in the AER may be
striction of viral gene expression/transduction in the chick em-
involved in regulating the expression of signaling molecules bryo. Mol. Cell. Biol. 13, 2604±2613.
such as FGFs which mediate the effect of the AER on limb Francis, P. H., Richardson, M. K., Brickell, P. M., and Tickle, C.
mesoderm, it seems quite possible that the Msx-2 expressed (1994). Bone morphogenetic proteins and a signalling pathway
in the AER may be involved in regulating the extensive that controls patterning in the developing chick limb. Develop-
apoptosis that the AER appears to continuously undergo. It ment 120, 209±218.
Gavrieli, Y., Sherman, Y., and Ben-Sasson, S. A. (1992). Identi®ca-is also noteworthy that in addition to being coexpressed
tion of programmed cell death in-situ via speci®c labeling ofwith Msx-2 in discrete regions of the limb mesoderm, mem-
nuclear DNA fragmentation. J. Cell Biol. 119, 493±501.bers of the BMP family including BMP-4 are coexpressed
Gould, S. E., Upholt, W. B., and Kosher, R. A. (1995). Characteriza-with Msx-2 in the AER (Francis et al., 1994). Since the pres-
tion of chicken syndecan-3 as a heparan sulfate proteoglycan andent study indicates that Msx-2 regulates apoptosis in the
its expression during embryogenesis. Dev. Biol. 168, 438±451.limb mesoderm by regulating the expression of BMP-4, it is
Graham, A., Francis-West, P., Brickell, P., and Lumsden, A. (1994).possible that a similar regulatory relationship may regulate
The signalling molecule BMP4 mediates apoptosis in the rhomb-
apoptosis in the AER. These hypotheses should be amenable encephalic neural crest. Nature 372, 684±686.
to direct experimental investigation. Graham, A., Heyman, I., and Lumsden, A. (1993). Even-numbered
rhombomeres control the apoptotic elimination of neural crest
cells from odd-numbered rhombomeres in the chick hindbrain.
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